We begin with a review of the basic molecules responsible for the functioning of all organisms' cells. Much of the material here comes from the introductory textbooks by Drlica [4], Lewin [7], and Watson et al. [10] . Good short primers have been written by Hunter [6] and Brāzma et al. [2] .
This variety of roles is accomplished by the variety of proteins, which collectively can assume a variety of three-dimensional shapes.
A protein's three-dimensional shape, in turn, is determined by the particular one-dimensional composition of the protein. Each protein is a linear sequence made of smaller constituent molecules called amino acids. The constituent amino acids are joined by a "backbone" composed of a regularly repeating sequence of bonds. (See [7, Figure 1 .4].) There is an asymmetric orientation to this backbone imposed by its chemical structure: one end is called the N-terminus and the other end the C-terminus. This orientation imposes directionality on the amino acid sequence.
There are 20 different types of amino acids. The three-dimensional shape the protein assumes is determined by the specific linear sequence of amino acids from N-terminus to C-terminus. Different sequences of amino acids fold into different three-dimensional shapes. (See, for example, [1, Figure 1 .1].)
Protein size is usually measured in terms of the number of amino acids that comprise it. Proteins can range from fewer than 20 to more than 5000 amino acids in length, although an average protein is about 350 amino acids in length.
Each protein that an organism can produce is encoded in a piece of the DNA called a "gene" (see Section 6) . To give an idea of the variety of proteins one organism can produce, the single-celled bacterium E. coli has about 4300 different genes. Humans are believed to have about 50,000 different genes (the exact number as yet unresolved), so a human has only about 10 times as many genes as E. coli. The number of proteins that can be produced by humans greatly exceeds the number of genes, however, because a substantial fraction of the human genes can each produce many different proteins through a process called "alternative splicing".
Classification of the Amino Acids
Each of the 20 amino acids consists of two parts:
1. a part that is identical among all 20 amino acids; this part is used to link one amino acid to another to form the backbone of the protein.
2. a unique side chain (or "R group") that determines the distinctive physical and chemical properties of the amino acid.
Although each of the 20 different amino acids has unique properties, they can be classified into four categories based upon their major chemical properties. Below are the names of the amino acids, their 3 letter abbreviations, and their standard one letter symbols. Aspartic acid Asp D Glutamic acid Glu E 3. Polar amino acids (7) . Though uncharged overall, these amino acids have an uneven charge distribution. Because of this uneven charge distribution, these amino acids can form hydrogen bonds with water. As a consequence, polar amino acids are often found on the outer surface of folded proteins, in contact with the watery environment of the cell, in which case they are called hydrophilic.
Asparagine Asn N Cysteine Cys C Glutamine Gln Q Serine Ser S Threonine Thr T Tryptophan Trp W Tyrosine Tyr Y 4. Nonpolar amino acids (8) . These amino acids are uncharged and have a uniform charge distribution. Because of this, they do not form hydrogen bonds with water, and tend to be found on the inside surface of folded proteins, in which case they are called hydrophobic.
This classification of the physio-chemical properties of the amino acids is overly simplistic. A more accurate depiction of their properties is given in the Venn diagram of Livingstone and Barton [8] at http://www.russell.embl-heidelberg.de/aas/aas.html.
Although each amino acid is different and has unique properties, certain pairs have more similar properties than others. The two nonpolar amino acids leucine and isoleucine, for example, are far more similar to each other in their chemical and physical properties than either is to the charged glutamic acid. In algorithms for comparing proteins, the question of amino acid similarity will be important.
DNA
DNA contains the instructions needed by the cell to carry out its functions. DNA consists of two long interwoven strands that form the famous "double helix". (See [4, .) Each strand is built from a small set of constituent molecules called nucleotides.
Structure of a Nucleotide
A nucleotide consist of three parts [4, Figure 3 -2]. The first two parts are used to form the ribbon-like backbone of the DNA strand, and are identical in all nucleotides. These two parts are (1) a phosphate group and (2) a sugar called deoxyribose (from which DNA, DeoxyriboNucleic Acid, gets its name). The third part of the nucleotide is the base. There are four different bases, which define the four different nucleotides: thymine (T), cytosine (C), adenine (A), and guanine (G).
Note in [4, that the five carbon atoms of the sugar molecule are numbered 
Base Pair Complementarity
Why is DNA double-stranded? This is due to base pair complementarity. If specific bases of one strand are aligned with specific bases on the other strand, the aligned bases can hybridize via hydrogen bonds, weak attractive forces between hydrogen and either nitrogen or oxygen. The specific complementary pairs are If two DNA strands consist of complementary bases, under "normal" cellular conditions they will hybridize and form a stable double helix. However, the two strands will only hybridize if they are in "antiparallel configuration". This means that the sequence of one strand, when read from the bp of DNA. Note that a human has about 1000 times more DNA than E. coli does, yet only about 10 times as many genes. (See Section 1.) The reason for this will be explained shortly.
RNA
Chemically, RNA is very similar to DNA. There are two main differences:
1. RNA uses the sugar ribose instead of deoxyribose in its backbone (from which RNA, RiboNucleic Acid, gets its name).
RNA uses the base uracil (U) instead of thymine (T)
. U is chemically similar to T, and in particular is also complementary to A.
RNA has two properties important for our purposes. First, it tends to be single-stranded in its "normal" cellular state.
Second, because RNA (like DNA) has base-pairing capability, it often forms intramolecular hydrogen bonds, partially hybridizing to itself.
Because of this, RNA, like proteins, can fold into complex three-dimensional shapes.
(For an example, see http://www.ibc.wustl.edu/˜zuker/rna/hammerhead.html.)
RNA has some of the properties of both DNA and proteins. It has the same information storage capability as DNA due to its sequence of nucleotides. But its ability to form three-dimensional structures allows it to have enzymatic properties like those of proteins. Because of this dual functionality of RNA, it has been conjectured that life may have originated from RNA alone, DNA and proteins having evolved later.
Residues
The term residue refers to either a single base constituent from a nucleotide sequence, or a single amino acid constituent from a protein. This is a useful term when one wants to speak collectively about these two types of biological sequences.
DNA Replication
What is the purpose of double-strandedness in DNA? One answer is that this redundancy of information is key to how the one-dimensional instructions of the cell are passed on to its descendant cells. During the cell cycle, the DNA double strand is split into its two separate strands. As it is split, each individual strand is used as a template to synthesize its complementary strand, to which it hybridizes. (See [4, Figure 5 
Synthesis of RNA and Proteins
The one-dimensional storage of DNA contains the information needed by the cell to produce all its RNA and proteins. In this section, we describe how the information is encoded, and how these molecules are synthesized.
Proteins are synthesized in a two-step process. First, an RNA "copy" of a portion of the DNA is synthesized in a process called transcription, described in Section 6.1. Second, this RNA sequence is read and interpreted to synthesize a protein in a process called translation, described in Section 6.2. Together, these two steps are called gene expression.
A gene is a sequence of DNA that encodes a protein or an RNA molecule. Gene structure and the exact expression process are somewhat dependent on the organism in question. The prokaryotes, which consist of the bacteria and the archaea, are single-celled organisms lacking nuclei. Because prokaryotes have the simplest gene structure and gene expression process, we will start with them. The eukaryotes, which include plants and animals, have a somewhat more complex gene structure that we will discuss after. Table 1 , and is called the genetic code. It is rather amazing that this same code is used almost universally by all organisms.
Transcription in Prokaryotes

Translation
There is a necessary redundancy in the code, since there are 64 possible codons and only 20 amino acids. Thus each amino acid (with the exceptions of Met and Trp) is encoded by synonymous codons, which are interchangeable in the sense of producing the same amino acid. Only 61 of the 64 codons are used to encode amino acids. The remaining 3, called STOP codons, signify the end of the protein.
Ribosomes are the molecular structures that read mRNA and produce the encoded protein according to the genetic code. Ribosomes are large complexes consisting of both proteins and a type of RNA called ribosomal RNA (rRNA).
The process by which ribosomes translate mRNA into protein makes use of yet a third type of RNA called transfer RNA (tRNA). There are 61 different transfer RNAs, one for each nontermination codon. Each tRNA folds (see Section 3) to form a cloverleaf-shaped structure. This structure produces a pocket that complexes uniquely with the amino acid encoded by the tRNA's associated codon, according to Table  1 . The unique fit is accomplished analogously to a key and lock mechanism. Elsewhere on the tRNA is the anticodon, three consecutive bases that are complementary and antiparallel to the associated codon, and exposed for use by the ribosome. The ribosome brings together each codon of the mRNA with its corresponding anticodon on some tRNA, and hence its encoded amino acid. (See [4, Figure 4 -4].)
In prokaryotes, which have no cell nucleus, translation begins while transcription is still in progress, the
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end of the transcript being translated before the RNA polymerase has transcribed the " ( Figure 4 -4].) In eukaryotes, the DNA is inside the nucleus, whereas the ribosomes are in the cytoplasm outside the nucleus. Hence, transcription takes place in the nucleus, the completed transcript is exported from the nucleus, and translation then takes place in the cytoplasm. . ) The ribosome now brings together this start codon on the mRNA and its exposed anticodon on the corresponding tRNA, which hybridize to each other. (See [4, .) The tRNA brings with it the encoded amino acid; in the case of the usual start codon
, this is methionine.
Having incorporated the first amino acid of the synthesized protein, the ribosome shifts the mRNA three bases to the next codon. A second tRNA complexed with its specific amino acid hybridizes to the second codon via its anticodon, and the ribosome bonds this second amino acid to the first. At this point the ribosome releases the first tRNA, moves on to the third codon, and repeats. (See [4, .) This process continues until the ribosome detects one of the STOP codons, at which point it releases the mRNA and the completed protein.
Prokaryotic Gene Structure
Recall from Section 6 that a gene is a relatively short sequence of DNA that encodes a protein or RNA molecule. In this section we restrict our attention to protein-coding genes in prokaryotes.
The portion of the gene containing the codons that ultimately will be translated into the protein is called the coding region, or open reading frame. The transcription start site (see Section 6.1) is somewhat upstream from the start codon, where "upstream" means "in the ! direction". Similarly, the transcription stop site is somewhat downstream from the stop codon, where "downstream" means "in the " direction". That is, the mRNA transcript contains sequence at both its ends that has been transcribed, but will not be translated. The sequence between the transcription start site and the start codon is called the Upstream from the transcription start site is a relatively short sequence of DNA called the regulatory region or promoter region. It contains regulatory elements, which are specific DNA sites where certain regulatory proteins bind and regulate expression of the gene. These proteins are called transcription factors, since they regulate the transcription process. A common way in which transcription factors regulate expression is to bind to the DNA at a promoter and from there affect the ability (either positively or negatively) of RNA polymerase to perform its task of transcription. (There is also the analogous possibility of translational regulation, in which regulatory factors bind to the mRNA and affect the ability of the ribosome to perform its task of translation.)
Prokaryotic Genome Organization
The genome of an organism is the entire complement of DNA in any of its cells. In prokaryotes, the genome typically consists of a single chromosome of double-stranded DNA, and it is often circularized (its
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and " ends attached) as opposed to being linear. A typical prokaryotic genome size would be in the millions of base pairs.
Typically 90% of the prokaryotic genome consists of coding regions. For instance, the E. coli genome has size about 5 Mb and approximately 4300 coding regions, each of average length around 1000 bp. The genes are relatively densely and uniformly distributed throughout the genome.
Eukaryotic Gene Structure
An important difference between prokaryotic and eukaryotic genes is that the latter may contain "introns". In more detail, the transcribed sequence of a general eukaryotic gene is an alternation between DNA sequences called exons and introns, where the introns are sequences that ultimately will be spliced out of the mRNA before it leaves the nucleus. Transcription in the nucleus produces an RNA molecule called pre-mRNA, produced as described in Section 6.1, that contains both the exons and introns. The introns are spliced out of the pre-mRNA by structures called spliceosomes to produce the mature mRNA that will be transported out of the nucleus for translation. A eukaryotic gene may contain numerous introns, and each intron may be many kilobases in size. One fact that is relevant to our computational gene prediction is that the presence of introns makes it much more difficult to identify the locations of genes computationally, given the genome sequence.
Another important difference between prokaryotic and higher eukaryotic genes is that, in the latter, there can be multiple regulatory regions that can be quite far from the coding region, can be either upstream or downstream from it, and can even be in the introns.
Eukaryotic Genome Organization
Unlike prokaryotic genomes, many eukaryotic genomes consist of multiple linear chromosomes as opposed to single circular chromosomes. Depending on how simple the eukaryote is, very little of the genome may 5. Identify other functional regions, for example origins of replication (sites at which DNA polymerase binds and begins replication; see Section 5), pseudogenes (sequences that look like genes but are not expressed), sequences responsible for the compact folding of DNA, and sequences responsible for nuclear anchoring of the DNA.
Many of these tasks are computational in nature. Given the incredible rate at which sequence data is being produced, the integration of computer science, mathematics, and biology will be integral to analyzing those sequences.
